Abstract. Pain is a distressing non-motor symptom experienced by up to 85% of people with Parkinson's disease (PD), yet it is often untreated. This pain is likely to be influenced by many factors, including the disease process, PD impairments as well as co-existing musculoskeletal and/or neuropathic pain conditions. Expert opinion recommends that exercise is included as one component of pain management programs; however, the effect of exercise on pain in this population is unclear. This review presents evidence describing the potential influence of exercise on the pain-related pathophysiological processes present in PD. Emerging evidence from both animal and human studies suggests that exercise might contribute to neuroplasticity and neurorestoration by increasing brain neurotrophic factors, synaptic strength and angiogenesis, as well as stimulating neurogenesis and improving metabolism and the immune response. These changes may be beneficial in improving the central processing of pain. There is also evidence that exercise can activate both the dopaminergic and non-dopaminergic pain inhibitory pathways, suggesting that exercise may help to modulate the experience of pain in PD. Whilst clinical data on the effects of exercise for pain relief in people with PD are scarce, and are urgently needed, preliminary guidelines are presented for exercise prescription for the management of central neuropathic, peripheral neuropathic and musculoskeletal pain in PD.
INTRODUCTION
Parkinson's disease (PD) is a progressive neurodegenerative condition which is projected to affect approximately 9 million people worldwide by 2030 [1] . Traditionally, PD was believed to result from a pathological process involving dopaminergic pathways, with dysfunction in the cortico-basal ganglia-thalamocortical loop due to loss of dopaminergic neurons in the substantria nigra of the basal ganglia [2] . However, recent work provides evidence 1 These authors contributed equally to this work. that degeneration begins in the dorsal motor nucleus of the vagal nerve and olfactory nucleus, followed by the lower brain stem, then the basal ganglia and forebrain and extending into the cortex [2, 3] . This diffuse pathology means that both dopaminergic and nondopaminergic neural pathways are affected, resulting in numerous motor and non-motor impairments. The cardinal motor impairments of PD are bradykinesia (slowness of movement), rigidity (increased resistance to passive movement), tremor and postural instability [4] . Akinesia (absence of movement or freezing) and dystonia (prolonged abnormal postures) are also common motor impairments [5] . The nonmotor impairments are wide ranging and include cognitive and emotional impairments, autonomic dysfunction, sleep disorders and sensory abnormalities, including pain [5, 6] .
Pain is a distressing non-motor symptom experienced by up to 85% of people with PD [7] . After adjusting for osteo-articular comorbidities, people with PD are twice as likely to experience chronic pain as people without PD [8] . Pain in people with PD is associated with impaired sleep [9] , depression [8, 10] and reduced quality of life [11] [12] [13] [14] . Although pain is reported to be one of the most troubling symptoms experienced by people with PD, recognition and management of pain receives little attention in clinical practice [7, 8, [15] [16] [17] . This may be due to the complex nature of pain and its poorly understood neurophysiology, as well as the paucity of trials evaluating potential interventions to manage pain in PD. Consequently, current treatment and management of pain in people with PD is largely based on expert opinion and clinical experience. Medication, including dopaminergic agents and conventional analgesics, may help to reduce pain [15] [16] [17] [18] . Additionally, exercise (i.e. intentional physical activity performed to improve health and fitness, including Physical Therapy [19] ) is often recommended as one component of a pain management program [17, [20] [21] [22] [23] .
Scope of this review
This narrative review aims to explore the scientific rationale and evidence regarding the role for exercise in the management of pain in people with PD. The review begins by outlining a pain classification system as it relates to people with PD. This is followed by a review of the literature discussing how exercise may influence the neurophysiology of pain in PD, including the impact of exercise on neuroplasticity and neuro-restoration as well as on dopaminergic and non-dopaminergic pain inhibitory pathways. Following this, the evidence for the role of exercise in the clinical management of pain is described. Finally, considerations for the prescription of exercise to manage pain are discussed and a framework for prescribing exercise in the presence of pain is presented.
THE CLASSIFICATION OF PAIN IN PARKINSON'S DISEASE
A classification system for pain in PD initially proposed by Ford [17] and subsequently updated by Wasner and Deuschl [16] identifies the following pain  types: central neuropathic pain, peripheral neuropathic  pain, and nociceptive pain (includes musculoskeletal  pain, dystonic pain, visceral pain and cutaneous pain) . In this review, we will focus on the role of exercise as it relates to neuropathic pain (central and peripheral) and musculoskeletal pain; the clinical features of which are presented in Table 1 .
Neuropathic pain is defined as pain arising from a lesion or a disease affecting the somatosensory system [24] and can arise from the central or peripheral nervous systems. Central neuropathic pain often manifests as tingling, burning or shooting pain, which is not confined to a nerve root or peripheral nerve and is not due to dystonia, rigidity or a musculoskeletal problem [16, 17] . It is believed to be due to the disease process itself [17] and is estimated to affect approximately 10% of people with PD [15] . Peripheral neuropathic pain relates to pain arising from a radiculopathy or peripheral neuropathy [16, 17] . This pain may be similar in nature to central neuropathic pain but tends to be confined to the distribution of a specific nerve or nerve root [25] .
Musculoskeletal pain may arise from actual or threatened damage to muscles and joints. It is often aching in nature or sharp with movement and usually presents in the absence of burning or electric-shock like pain or paraesthesia [26] . There is usually clinical evidence of a clear anatomical or mechanical nature of aggravating and easing factors [26] , which may be exacerbated by abnormal postures or excessive rigidity [17] . Pain may become chronic in people with PD in which case the relationship between aggravating factors and pain response becomes less predictable, while sensitisation of the nervous system becomes more pronounced. This can occur with any type of pain.
The pain experienced by people with PD can, therefore, be directly attributable to the disease process, sensitisation of the nervous system and to structural or biomechanical abnormalities, which may or may not be exacerbated by PD motor impairments. A comprehensive review of the pathophysiology of pain and different pain types in PD is beyond the scope of this paper but readers are directed to recent publications by Ford [17] and Wasner and Deuschl [16] for more detail.
THE POTENTIAL INFLUENCE OF EXERCISE ON THE PATHOPHYSIOLOGY OF PAIN IN PD
The influence of the neurodegenerative processes of PD on pain is not fully understood; however, there is some evidence that these processes could lead to impaired pain processing, potentially influencing the experience of pain in people with PD [ 15, 17, 21, [27] [28] [29] . The subsequent sections of this review will focus on the potential of exercise to influence two primary physiological processes in PD, namely the promotion of neuroplasticity and neurorestoration, and pain modulation via dopaminergic and non-dopaminergic pain inhibitory pathways. Although these processes are inter-related, for clarity of presentation, these processes and the influence of exercise on them will be presented separately.
Neuroplasticity and neuro-restoration
Emerging evidence suggests that exercise may promote neuroplasticity (i.e. the anatomical, physiological and functional re-organisation of the brain in response to changes in environment or behaviour) [30, 31] and neuro-restoration (i.e. regeneration of damaged nervous tissue) [31] in PD via mechanisms that may have the potential to improve processing of nociceptive signals. There is evidence from animal studies that exercise can promote neuroplasticity and neurorestoration by increasing brain neurotrophic factors, synaptic strength and angiogenesis as well as stimulating neurogenesis and improving metabolism and the immune response [31] [32] [33] [34] . For example, people with PD have a loss of dendritic spines from striatal neurons [35, 36] . Interestingly, in a rodent model of PD, treadmill running resulted in a reversal of this dendritic spine loss [37] . Research with a rodent model of diabetes has also suggested that maladaptive dendritic spine remodelling may contribute to neuropathic pain in people with diabetes mellitus [38] . Therefore, the exercise-induced dendritic changes found in the rodent model of PD provide preliminary evidence that exercise could influence pain in people with PD via neuroplastic mechanisms. The facilitation of neuroplasticity by exercise in healthy and injured human brains has been well documented. [31, 34, [39] [40] [41] [42] . Recent use of imaging has provided evidence that exercise can promote neuroplasticity in people with PD, with neuroplastic changes observed following treadmill walking/running [40] and balance exercises [42] .
There is a small amount of evidence which suggests that exercise might be able to slow the progression of PD in humans. Progressive resistance exercise [43] , partnered dancing [44] and high cadence cycling [45] have all resulted in improvements in motor impairments when participants were assessed OFF their PD medication. Additionally, one trial has utilised transcranial magnetic stimulation to assess the effects of eight weeks of moderate to vigorous intensity treadmill training on corticomotor excitability via measurement of the cortical silent period [46] . The cortical silent period is typically shortened in PD, suggesting higher levels of motor system excitability with competing motor networks interfering with the function of cortico-basal ganglia loops. Results showed a lengthening of the cortical silent period following exercise, suggesting improved intracortical inhibition and therefore, suppression of competing motor networks allowing enhanced functioning of cortico-basal ganglia loops, leading to improved mobility [46] . The length of time that these changes lasted following exercise is unknown.
It is unclear whether improvements in motor impairments and mobility following exercise are due to slowing of disease progression, or due to maximising abilities within the existing impaired system [47] . In the absence of easily administered and valid biomarkers for disease progression in PD [48] , research utilising imaging techniques to examine neuroplasticity and neuro-restoration is required to determine if exercise can delay disease progression, and if any such delay can reduce pain symptoms in people with PD.
Dopaminergic pain inhibitory pathways
The basal ganglia receive nociceptive information (i.e. the neural encoding of noxious stimuli) from several sources within the cerebral cortex, thalamus and amygdala [29, 49] . The classic motor symptoms of PD (e.g. bradykinesia, tremor and rigidity) are widely attributed to the degeneration of dopamine producing cells within the substantia nigra of the basal ganglia [50, 51] , which is accompanied by alterations in glutamatergic neurotransmission [31, 34, 52, 53] . Dopamine and glutamate are important neurotransmitters within the central nervous system. Dopamine is traditionally known for its role in motivation and reward; [54] however, it is also known to have an antinociceptive role, suppressing nociceptive signalling. Recent data provide evidence that dopamine can modulate pain and that it does so via the rostro-ventral medulla [55] and by inhibiting nociceptive signalling in the dorsal root ganglion [56] .
Glutamate is the main excitatory neurotransmitter in the brain, and increased glutamatergic signalling has been linked to sensitization of the central nervous system, [57] potentially leading to hypersensitivity to noxious and non-noxious stimuli [58] . Studies utilising rodent models of PD suggest that exercise leads to an improvement in motor symptoms as a result of an improvement in dopamine transmission and a modulation in glutamate transmission [31, 32, 34] . Exercise, particularly treadmill running, has been shown to improve dopamine neurotransmission by improving the availability of dopamine [31, 34] as well as restoring dopamine D2 receptors in the dorsal striatum in a rodent model of PD [59] . Furthermore, a pilot trial of eight weeks of moderate to vigorous treadmill training in people with early denovo PD increased striatal dopamine D2 receptor binding potential, suggesting that exercise could produce improved dopamine transmission in humans as well as in animals [40] . This finding is particularly important as studies of healthy people and people experiencing chronic pain suggest that there is an association between pain perception and D2 receptor binding potential in the striatum [60] . Studies using animal models of PD also suggest that exercise may influence the availability and transmission of glutamate, which could contribute to improved basal ganglia function [31, 34, 61, 62] . Further work is needed to explore any effects of exercise on dopamine and glutamate transmission in people with PD and to determine if any exercise-mediated changes translate to a reduction in pain.
The extent to which the depletion of dopamine and the relative excess of glutamate within the basal ganglia contribute to pain in PD is unclear. However, given that at least some of the pain experienced by people with PD appears to be reduced by the use of dopaminergic medication [17, [20] [21] [22] , along with the potential role of dopamine in pain inhibition, dopaminergic pathways seem like an appropriate target for pain management in PD. Nevertheless, what little data that does exist regarding the effectiveness of dopaminergic medication in pain management in PD is conflicting. Some studies have reported evidence for a reduction in pain sensitivity following dopaminergic medication [63, 64] . In contrast, no impact, or in some individuals, a worsening of pain sensitivity following dopaminergic medication has also been reported [65] [66] [67] . While dopaminergic pathways may be potential targets for treatment of pain by exercise, given these results, the function of non-dopaminergic pain processing is also important to consider in PD.
Non-dopaminergic pain inhibitory pathways
As outlined in section 1, there is growing awareness that the pathology of PD extends beyond dopaminergic pathways. In fact, neurodegeneration in PD also affects the noradrenergic, serotonergic, cholinergic, and peptidergic systems, all of which are essential systems for pain processing and descending pain inhibition [29, 51] . It has been hypothesized that pain in PD is altered by the disease-related neuronal cell loss and Lewy body formation in the parabrachial region and the periaqueductal grey matter of the medial spinoreticulothalamic pain pathway, which is thought to influence affec-tive, cognitive and autonomic responses to pain [17, 68] . The effect of exercise on PD related pathologies of these non-dopaminergic structures and systems remains unclear.
In non-PD models, the most widely known mechanism for pain inhibition following exercise is mediated through the release of endogenous opioids [69] . This has been demonstrated in animal studies, with both short exercise bouts and extended or repeated bouts of exercise shown to induce analgesic effects via activation of the opioid system [70, 71] . More recently, pain inhibition has also been demonstrated in response to high intensity exercise, again in animals [72, 73] . Data from these latter studies identified that resulting anti-nociception from intensive exercise was due to adenosine expression in addition to opioid regulation [73] , while activation of serotonergic receptors has also been implicated in pain inhibition [72, 73] . Serotonin is known to be involved in pain inhibition [74] ; however, the role of adenosine is less well documented. Adenosine is released following the breakdown of adenosine triphosphate during exercise, resulting in increased extracellular adenosine [75, 76] . Adenosine has a role in the suppression of inflammation [77, 78] , including inhibition of the expression of pro-inflammatory cytokines and increased expression of anti-inflammatory cytokines. Therefore, adenosine release following exercise may be an important player in pain inhibition in PD and the role of exercise in moderating pain via these mechanisms in PD warrants investigation.
Of further interest for those with PD suffering from peripheral neuropathic pain, pain inhibitory effects of aerobic exercise have been demonstrated in animals with induced peripheral neuropathic pain, with diminished sensory hypersensitivity evident following repeated exercise [79, 80] . In a study by Stagg et al. (2011) , the analgesic effects observed following exercise were activated via opioidergic pathways, with successful reversal of anti-nociceptive effects following administration of opioid antagonists [79] .
An interesting link between the motor cortex and pain inhibitory pathways has also been demonstrated in a number of animal models, whereby motor cortex stimulation has resulted in inhibition of thalamic sensory neurons and increased activation of the peri-aqueductal grey, an important area for the modulation of pain [33, 81] . The peri-aqueductal grey is a key area for the integration of ascending nociceptive input from the spinal cord and inputs from various parts of the brain, such as the forebrain and diencephalon [82] , the amygdala [83] and the hypothalamus [82] , with subsequent activation of descending pain inhibition. Whether similar activation of pain inhibitory pathways can be exerted by motor cortex stimulation in humans and indeed, by exercise, is not known. However, the consistent data that exercise stimulates the release of endogenous opioids, a key effect of peri-aqueductal grey activation provides some support for this theory.
DOES EXERCISE IMPROVE PAIN IN CLINICAL PRACTICE?
It is now well established that exercise is beneficial for people with PD. It has been shown to be effective in improving mobility [84] [85] [86] , balance [84, 86] ; muscle strength [43, 87] and cardiovascular fitness [88] [89] [90] , and there is some evidence that it may also reduce falls [85, [91] [92] [93] . Despite the theoretical evidence that exercise may be able to influence pain in people with PD, there is a paucity of clinical trials exploring the effect of exercise on pain. Our search yielded only two studies which reported the effect of exercise on pain in people with PD [94, 95] . It should be noted, however, that pain was not the main focus of the intervention or outcomes in either study. The first is a single group intervention study, which evaluated the effect of 12 weeks of group exercise on different domains of quality of life in 20 people with mild to moderate PD [95] . Exercise sessions were conducted three times per week and included flexibility, strength and aerobic exercise. This small uncontrolled trial did not show an improvement in pain scores as measured in the pain domain of the Nottingham Health Profile [96] . However, a non-significant 8% reduction in pain was reported.
The second study [94] was a randomized trial where 90 people with mild to moderate PD were randomized to one of three exercise interventions: flexibility and relaxation, walking or Nordic walking. Participants exercised three times per week for six months. Pain was rated using a visual analogue scale in order to monitor potential adverse events. Results showed a reduction in the number of participants reporting pain and the intensity of pain in the neck, hip and iliosacral joint reduced in all three groups. Additionally, the intensity of pain was reduced in the back, hands and legs of the walking and Nordic walking groups compared to the flexibility and relaxation group. Neither of these studies utilised a no exercise control group or considered pain classification, so the results do not indicate if the exercise reduces pain compared to no intervention, or if exercise is preferentially effective for one type of pain over another. Furthermore, these results do not rule out the possibility that some individuals may experience an increase in their pain following exercise. However, taken together, the results from these two studies suggest that the effect of exercise on pain warrants further investigation.
Exercise is commonly used in the management of acute and chronic musculoskeletal pain in the general population with demonstrated benefits in terms of pain reduction and improved function in people with pain arising from spinal structures and osteoarthritis. Musculoskeletal pain within the context of PD is thought to be due, in part, to rigidity, akinesia and dystonia [16, 18] . The lack of mobility, stiffness and deformities of posture brought about by these impairments may give rise to aching, cramping and joint tenderness characteristic of the musculoskeletal pain experienced by people with PD [17] . This pain is common in the hips, knees, ankles and back [16] . Exercise therapy has demonstrated effects on musculoskeletal pain and disability in the general population with collated evidence indicating that exercise has application in the relief of both chronic neck [97, 98] and back pain [99] . Both tailored exercise involving strengthening and more general exercise, such as walking programs, are beneficial in the treatment of osteoarthritis, with pooled data demonstrating reductions in associated knee [100] and hip pain [101] . Such evidence suggests that exercise programs may be beneficial in the treatment of pain arising from the musculoskeletal system in people with PD.
CONSIDERATIONS FOR EXERCISE PRESCRIPTION IN PARKINSON'S DISEASE
While specific exercise programs may be advantageous for some types of pain in PD, it is likely that general exercise prescription has a stronger scientific basis, particularly for chronic musculoskeletal pain and neuropathic pain. Most exercise protocols for chronic pain management advocate a 'quota based' exercise program where patients are required to progress exercises based on pre-planned increments from the patient's activity baselines, rather than focusing on pain responses during exercise [102] . Nevertheless, recent data suggest that symptom exacerbation during and following exercise should be given some consideration. In chronic pain conditions where the underlying pathophysiology relates to central sensitisation (e.g. fibromyalgia, chronic fatigue syndrome and whiplash associated disorder), impaired endogenous pain inhibition during and following exercise has been recorded [103] [104] [105] . An evidence-based approach to pain management in these cases has not been fully established; however, a multidisciplinary approach with a carefully graded approach to physical activity has been proposed [106] . It is not known whether analgesic responses to exercise are impaired in PD. Preliminary data suggest that pain sensitivity is increased in this cohort but not necessarily in response to conditioning stimuli i.e. conditioned pain modulation [107] ; however, changes in pain sensitivity following exercise as a conditioning stimulus have yet to be investigated in PD.
As an extension to this consideration of increased pain sensitivity in response to exercise, it is worth noting that while exercise could decrease pain by stimulating the motor cortex, there is evidence in humans that pain may lead to decreased motor cortex excitability with a resulting detrimental effect on neuroplasticity [108, 109] . Therefore, although exercise can promote neuroplasticity and potentially reduce pain, it is yet to be determined if exercise which exacerbates pain, could prevent or impede desirable neuroplastic changes with the potential to promote pain modulation within the brain. As such, it would seem prudent to avoid acute exacerbations of pain in response to exercise, while allowing tolerance for physical activity to be developed.
A framework for exercise prescription in PD
This review has highlighted the lack of direct evidence for the efficacy of exercise in the management of pain in people with PD. However, given that current expert opinion recommends exercise for the management of pain, [17, [20] [21] [22] [23] and that exercise is beneficial for improving the performance of physical activities in people with PD, [86] it seems likely that clinicians will be prescribing exercise programs for people with PD who experience significant pain. The following framework has therefore been designed to assist clinicians in making decisions regarding exercise for pain management in people with PD.
The approach to exercise prescription will vary according to the type and severity of pain, aggravating factors, presenting PD-specific motor and other non-motor impairments, as well as baseline levels of physical activity. The first step in planning exercise interventions for pain management is to consider the type of pain which a patient may be experiencing. Characteristics for each pain classification relevant for people with PD are outlined in Table 1 (see Wasner and Deuschl (2012) [16] for more detail). A suggested framework for specific and general exercise prescription is also outlined in Fig. 1 with broad principles for general exercise prescription presented in Table 2 .
CONCLUSION
This review presents the rationale for the use of exercise in the management of pain in PD. A number of classifications of pain have been identified as potentially important in PD and each may warrant different approaches to exercise prescription. The neurophysiological effects of exercise such as neuroplasticity, neuro-restoration and activation of dopaminergic and non-dopaminergic pain inhibition provide a sound biological rationale for employing exercise in pain management; however, clinical studies in a PD population are required to investigate this further.
